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We present detail thermodynamic and muon spin relaxation (4SR) studies of quantum spin liquid (QSL)
candidate H3Lilr2O¢. In agreement with the low temperature thermodynamic evidence (e.g. bulk magnetiza-
tion and heat capacity) for the absence of magnetic transition, zero-field (ZF)-uSR measurements indicate the
absence of static magnetic ordering or spin freezing down to our lowest temperature of 80 mK. Both ZF- and
longitudinal-field (LF)-uSR measurements reveal persistent spin fluctuations at low temperatures. These results
provide well-established evidence of a QSL state in H3LilroOg. Furthermore, the observation of the time-field
scaling behavior of SR spectra A(t) ~ A(t/H®%), and the low temperature power-law specific heat coeffi-
cient C/T ~ T7°57 indicate the finite density of state in the form of N(E) ~ E~°5, in a good agreement

with the disorder-induced states in the Kitaev spin liquid.

Introduction. — Quantum spin liquid (QSL) is a highly en-
tangled quantum state in the spin system where the spin de-
gree of freedom does not freeze even at zero temperature,
but highly entangles with each other [IH8|]. The delicate
many-body entanglement in QSL is a crucial ingredient for
the mechanism of high-temperature superconductivity [2]] and
the implementation of topological quantum computation [9].
The exact solvable Kitaev honeycomb spin model [3]] estab-
lishes the very existence of QSL in a simple spin interact-
ing system, and the materialization of the Kitaev QSL in
the experiments has been initialized currently [10-12]. With
the help of the intertwining among magnetism, spin-orbital
coupling, and crystal field, Ir** oxides and a Ru3* chloride
with a d® electronic configuration are promising to material-
ize the Kitaev model [13H16]. However, due to the non-Kitaev
terms, these Kitaev compounds (e.g. a-LisIrO3 and a-RuCls)
usually develops long-range magnetic orders at low tempera-
tures [13} [17, [18]. Although there are several experimental
signatures of fractionalized high-energy spin excitations [19-
21]], magnetic orders preclude the access to the low-energy
and low-temperature properties of QSL.

Chemical modification of «-LisIrO3 leads to the sec-
ond generation of two-dimensional honeycomb iridates
H;3LilroOg [22H24]. Thermodynamic and NMR measure-
ments did not detect any magnetic order transition down to
low temperatures, establishing a possible QSL ground state
in H3sLilroOg [23]]. Magnetic Raman spectroscopic study
on single-crystal HsLilroOg samples reveals a dome-shaped
magnetic Raman continuum [24], related to the high-energy
fractionalized spin excitations (2 2 meV) [25]. The non-
magnetic disorder in H3LilroOg has various forms of stack-
ing faults [22124], the randomness of intercalated H posi-

tions [24} 26], and non-magnetic I3t defects with a lower-
oxidation-state configuration 3d° [24]. The disorder sup-
presses the long-range magnetic order and releases the QSL
properties covered by the magnetic order, leading to new phe-
nomena as a cooperative manifestation of disordered topologi-
cal condensed matter systems [27H34]. The non-magnetic dis-
order may nucleate exotic excitations, providing additional in-
formation on QSL. In H3Lilr2Og, at odds with the thermody-
namics of the pure Kitaev QSL, the abundant low-energy den-
sity of states (DOS) are observed in the heat capacity where
the specific heat coefficient displays a low-temperature (less
than 1 K) divergence of C'/T ~ T —0:5 23], related to the
disorder-induced states in the Kitaev QSL [23} (33} 34].

This letter reports detailed muon spin relaxation studies
of the spin dynamics in H3LilraOg to reveal the disorder-
induced finite DOS. Consistent with previous studies [23]],
our magnetization and heat capacity measurements do not de-
tect any magnetic order transition in H3LilroOg. The zero-
field (ZF)-uSR shows no sign of static magnetic ordering,
and both ZF- and longitudinal field (LF)-uSR measurements
indicate persistent spin fluctuations down to our lowest tem-
perature of 80 mK. To establish the relationship between the
low-energy spin fluctuations and the disorder-induced DOS,
magnetic field dependence of spin dynamics is studied and
the time-field scaling behavior of uSR asymmetry spectra,
A(t) ~ A(t/H*) (o = 0.46), is revealed at low applied mag-
netic fields. This implies the scaling of local spin dynamics
q(t) = (S;(¢)Si(0)) ~ t*~Lexp(—At). We stress that the
critical exponent o = 0.46 is related to the disorder-induced
low-energy DOS of the form N(E) ~ E~%5 [23, 33| [34],
with the same origin as our measured specific heat low-
temperature divergence of C/T ~ T~57. Our uSR studies
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FIG. 1. Sample characterizations and its crystal structure. (a) Powder
XRD pattern of HzLilr2Og at room temperature. (b) and (c) Crystal
structures viewed from c-axis and a-axis, respectively. Pink spheres:
HY ions. Green spheres: LiT ions. Brown spheres: Ir>" ions. Red
spheres: O?~ ions. Cyan points: three possible muon stopping sites.

reveal the disorder-induced exotic excitations characteristic of
the Kitaev QSL.

Experimental setup and sample characterizations. — XRD
measurements were conducted on Rigaku Smartlab 9KW us-
ing Cu Ko radiation at room temperature. Magnetic suscep-
tibility measurements were carried out on a Quantum Design
SQUID magnetometer. The specific heat was measured for
0.1 K< T <50 K on a Quantum Design Physical Properties
Measurement System semi-adiabatic calorimeter using a heat-
pulse technique. SR experiments were carried out down to
80 mK and longitudinal external magnetic field up to 0.3 T
on MuSR spectrometer at ISIS Neutron and Muon Facility,
Rutherford Appleton Laboratory Chilton, UK. Spin-polarized
positive muons were implanted into 1 gram of polycrystalline
sample mounted on a silver sample holder covering a circular
area of 1 inch in diameter.

Polycrystalline sample of H3LilroOg was prepared by the
cation exchange reaction [22| 23]]. The starting materials
LioCOg3 and IrO5 powder were mixed thoroughly in the ra-
tio of 1.05 : 1, and placed in an alumina crucible with a lid
and annealed at 840 °C for one day to obtain the precur-
sor a-LioIrO3 powder. For the cation exchange, a-LisIrOs
powder was added into a Teflon-lined steel autoclave with
4 mol/L HySOy4 aqueous solution. The mixture was heated
in the sealed vessel at 120 °C for one hour. Polycrystalline
H;LilryOg was obtained by washing with distilled water and
dried at 80 °C.

The powder X-ray diffraction (PXRD) pattern of
HsLilr,Og in Fig. [I] shows that several diffraction pat-
tern peaks are broaden and even disappear, suggesting the

heavily stacking faulted crystal structure. Our PXRD pattern
agrees with the previous results [22} 23], and the stable phase
H;3LilroOg was confirmed from the synthetics evolution
process (a-LigIrO3 — H3LilroOg — HsLilr2Og) [24].

There are several forms of non-magnetic disorders in
HsLilroOg. The first-generation iridate a-LisIrO3 already
manifests stacking faults along the c-axis [20,135)]. The chem-
ical modification further increases the stacking faults in the
second-generation iridate H3LilroOg [22H24) [36]], indicated
by the broad and weak PXRD peaks in Fig. [Il Compared
with a-LisIrOg, previous Raman studies also revealed an un-
usual phonon broadening in HsLilroOg [20} 24]], implying the
random positions of the substituted H*, probably causing the
bond disorders [26} 33]. During the soft-chemical-ion ex-
change of Li* and H™, more hydrogen atoms could interca-
late into the interlayers of [LilroOg] layers in HsLilr,Og, and
lower the iridium ion oxidation state from Ir** into I3, sig-
naled by the XPS measurments [24]]. Ir3* has a 3d° electronic
configuration and fully occupied Z5, orbitals, serving as the
non-magnetic impurity in HsLilroOg. All the non-magnetic
disorders can induce abundant low-energy DOS [33} 134, 136].

Thermodynamic properties and low-energy DOS. — We per-
formed thermodynamic magnetization and heat capacity mea-
surements of our powder samples H3Lilr,Og. The results are
overall consistent with the previous report [23] and also have
the discrepancy in several details, probably due to different
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FIG. 2. (a) Temperature dependence of magnetic susceptibility and
its reciprocal of H3LilroOg measured at 1o H =1 T. (b) Total specific
heat Cioral devided by T as a function of 7" under the field of 0 T, 1 T,
2T3T,6Tand9 T Inset: Cioa versus 1" at 0 T and 9 T. The solid
curves are Cioral ~ Y1 for O T and Cloar ~ e_% for 9 T. (c) Scaling
plotof H*2C/T vs T/H, H*®xqa. with T/H, and T~°° M (H) vs
H/T. (d) Specific heat Cioui divided by T" as a function of T'. Since
the lattice contribution Caice Of specific heat is negligible below 2 K,
Ciow/T =~ Cn/T. Black line: Cy/T = 0.027 %57,



concentrations of disorders. Fig.[2](a) shows the temperature
dependence of magnetic susceptibility x(7") of HsLilrsOg
measured under an external field of u,H = 1 T. According to
the Curie-Weiss behavior at high temperatures, H3LilroOg has
overall antiferromagnetic interactions with the energy scale of
the order of 100 K, but no trace of magnetic ordering is ob-
served in x(7) down to 2 K, in sharp contrast to other Kitaev
candidates [16} |37H39]]. The absence of magnetic ordering is
further confirmed by the heat capacity measurements down to
0.1 K as shown in Fig. [J] (b), which shows the temperature
dependence of Cio1 /T under several applied magnetic fields.
At zero magnetic field, a low-temperature plateau followed by
a low-temperature divergence in the specific heat coefficient
C/T is obvious. The altitude of the plateau is about 58 mJ K>
mol-Ir—! and is gradually suppressed by the magnetic fields.
The specific heat data taken under poH =9 T is well fitted by
C ~ e~ 7 with A = 1.6 K. The low-temperature plateau of the
specific heat coefficient C'/T in H3LilryOg is likely related to
the disorder-induced states which are suppressed in magnetic
fields [23,133,134].

At relatively high fields (larger than 1 T), we can plot
H'=2C/T against the single dimensionless variable 7'/ H,
and the data overlap over 2 orders of magnitude with a, = 0.8
as shown in Fig. 2] (c). We notice that the low-temperature
upturn in the specific heat data at ygH = 1 T deviates
from the data collapse, consistent with the theoretical simu-
lations for disorder effect in the Kitaev QSL where the scal-
ing behavior only appears at high fields [34]. The magne-
tization results also have the scaling behavior in H*™, and
T~ )M against the single dimensionless variable 7'/ H with
o = 0.5. The scaling behaviors of heat capacity and mag-
netization at relatively high fields are also reported in other
disordered Kitaev materials [40-42].

The specific heat coefficient has a divergence of C/T ~
T~957 below 0.2 K at zero magnetic fields was observed
in our polycrystalline sample of HsLilroOg. We attribute
this to the intrinsic behavior of magnetic specific heat of
H;Lilr» Og since lattice contribution to the specific heat is neg-
ligible below T' = 2 K. The low-temperature divergence is
suppressed by the applied magnetic field, at odds with nu-
clear Schottky contribution that usually survives under mag-
netic fields of a few Tesla. The C/T divergence is consis-
tent with a power-law low energy DOS of the theoretical form
N(E) ~ E~%5 [34], deviating from the power characteristic
of the pure Dirac dispersion of Majorana fermions in the pure
Kitaev QSL. Theoretically, a finite density of random vacan-
cies in the Kitaev model gives rise to a pileup of low-energy
Majorana eigenmodes accounting for the power-law upturn in
the specific heat measurements [23| 33} 134]. The power-law
upturn at low magnetic fields doesn’t fit the heat capacity scal-
ing in Fig. 2] (c) for the relatively-high-field heat capacity [34].

Spin dynamics in uSR. — The power-law divergence C'/T ~
T~957 in H3LilIrpOg persists down to 0.1 K, indicating a low
energy scale for the power-law DOS. The power-law DOS
should also give rise to a power-law scaling in the spin dy-
namics that can be tested in the muon spin relaxation study,
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FIG. 3. (a) ZF-uSR spectra of HzLilr2Og at selected temperatures.
Colored lines are the fits to raw data using Eq. (). (b) Temperature
dependence of muon spin relaxation rates.

which is the main purpose of the present work.

Implanted muons are sensitive to local magnetic fields in-
duced by the neighboring Ir** spins. Fig. 3| (a) shows the
representative time evolution of the decay position count rate
asymmetry A(t), proportional to the positive muon spin polar-
ization P(t), in H3LilroOg, from 7' = 200 K down to lowest
measured temperature 0.08 K at zero field. A constant back-
ground signal (A = 0.015), which originates from muons that
miss the sample and stop in the silver sample holder, has been
subtracted from the data. As decreasing temperatures, the ini-
tial shape of ZF-uSR spectra changes from the Gaussian to
the Lorentzian like, suggesting strong dynamic spin fluctua-
tions at low temperatures. Down to the lowest temperature,
no evidence of magnetic order was found, since neither oscil-
lations nor a drastic drop in the initial asymmetry appears.

At zero magnetic field, a Gaussian distribution of randomly
oriented static (or quasi-static) local fields gives rise to the de-
cay of muon polarization P(t) in the Gaussian Kubo-Toyabe
form [43]]

1 2
—4Z

5 ta(l- §2t2)e— 201 (1)

Gkr(6,t) =
with the distribution width §/v, for the quasi-static local
fields, where , = 27 x 135.53 MHz/T is the ;1™ gyromag-
netic ratio. If local fields associated with the magnetic mo-
ments fluctuates strongly, P(t) is usually well approximated
by a Lorentzian exponential function characterized by the re-
laxation rate A, P(t) ~ exp(—At).

The asymmetry of ZF-1SR spectra in HzLilroOg cannot be
described in terms of only the Kubo-Toyabe type, or the sim-
ple exponential function. They are best fitted by several com-
ponents by the following function

A(t) :A1 exp(—)\lt)GKT(dl, t) + A2 exp(—)\gt)
+A3 exp(—)\gt)GKT ((537 t). (2)
Ai,2,3 in Eq. denotes the initial asymmetry for three dif-
ferent depolarization components. The total initial asymmetry

(A1 + Ay + As) decreases slightly on cooling along with the
increasing decay rates. This tiny loss of initial asymmetry is



attributed to the time resolution of pulse beamline with pulse
width of 80 ns [44],/45]]. The ratio of A; to A, was fixed at the
value of 2, determined from LF-;SR experiments, in which
the relaxation is purely dynamic and its analysis is simplifeid
described later. A; 5 3 is found to be temperature independent
with 4; = 0.113, A3 = 0.056, and A3 = 0.069.

Figure[3](b) shows the ZF temperature dependence of muon
spin relaxation rates A\; 23 and 612 in HzLilraOg. 672 is
roughly temperature independent and was fixed at an average
values. We attribute this Gaussina field distribution d; 2 to nu-
clear dipolar fields. A drastic increase of Aj 2 3 below T' =3
K is observed, accompanied by the growing magnetic contri-
bution to the specific heat. So the spin dynamics is related to
the disorder-induced DOS in the Kitaev QSL. The increase
of Ay 2,3 saturates below 1K, and remains almost constant
down to the lowest measured temperature. The low temper-
ature plateau of A excludes the spin glass state and indicates
the persistent spin dynamics and large density of states at low
energies.

To further measure the spin dynamics, we performed LF-
1SR measurements with an external field in the direction
of the initial muon spin polarization. The longitudinal-field
woH = 100 mT was chosen to be much larger than the static
field estimated from the ZF-uSR /7, ~ 0.4 mT, so that
the static or quasi-static field is completely decoupled [43]
and one observes only the dynamic relaxation. Representative
LF-uSR spectra P, (t) for different temperatures are shown in
Fig.[](b). In order to compare with ZF-uSR, a constant back-
ground signal of 0.015 is also subtracted in Fig.4](b). The LF
spectra are well described by the functional form

At) = Aje™ 4 Age " + A3, 3)

where A, 2 3 has the same meaning of that in Eq. @, but with
slightly smaller values. A3 in Eq. (2) is negligible under mag-
netic field 10 H = 0.1 T, therefore it is set to be zero in Eq. (3).

Temperature dependence of LF relaxation rates A\; and Ay
has the same character that they gradually increase on cooling
and saturate at 0.16 us—! and 1.3 us~! respectively at low
temperatures as shown in Fig. 4] (b). The low temperature

(b) .

T PP NP W

1)

< .

" a A A A 4A4‘ a
= L 10tE 44 4
< &

>

S107f ‘o

a Y *

w0l
05 1 5
T(K)

FIG. 4. (a) LF-uSR spectra of H3Lilr2Og at selected temperatures.
Colored lines are fits to the raw data using Eq. (3). (b) Temperature
dependence of LF muon spin relaxation rates.
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FIG. 5. Time-field scaling of ;SR spectra A(t) ~ t/B%4% at 0.1 K
and 4 K in H3Lilr2Og.

plateaus of both A\; and As indicate that the spins in system
are highly frustrated and persistent spin dynamics take place
even under poH =100 mT magnetic field applied.

The temperature independent A, » 3 and the similar temper-
ature dependence of \; 5 3 for both ZF and LF experiments
suggests that the three components in Eq. (Z) or Eq. (3) are
due to distinct T interstitial stopping sites. In addition, the
ratio of Ag /A is 5.0(5) for ZF measurements, and 5.6(3) for
LF measurements at low temperatures. Within error the same
ratio suggests that the two exponential relaxations are due to
differences in coupling fields rather than inhomogeneity in the
spin dynamics. This is expected when the fluctuation rates at
the different sites are the same and the correlation length for
the fluctuations is short [46, 47]], and therefore is additional
evidence for the multi-site scenario. The possible muon stop-
ping sites are suggested as marked by cyan points in Fig.[T|(b)
and (c). One is between the Ir** ion and the nearest neighbor
LiT ion, and the other is between two nearest neighbor Ir*t
ions, since the ratio of quantity between Ir-Li bonds and Ir-Ir
bonds is 2:1 in H3Lilr,Og, and the absence of KT relaxation
rate for the second stie is due to the nearby Ir atoms, which do
not have nuclear moments. The third possible stopping site
is between Ir layers, and close to the random H™ ions, since
muon experience relatively weaker spin dynamics and nuclear
moments.

The increasing low-temperature spin dynamics in ZF- and
LF-uSR is accompanied by the growing magnetic contribu-
tion to the specific heat, and likely has the origin of the
disordered-induced low-energy DOS in H3Lilr2Og. The DOS
has the critical form of N'(E) ~ E~'/2, which may cause the
power-law scaling of the spin dynamics measured in ;1SR. LF-
1SR measurements in applied LF between 1 mT and 300 mT
atT = 0.1 K and 4 K were carried out to study the low-energy



spin dynamics in H3LilrsOg. The field dependence of A; and
Ao can be described as A; o(H) = H™ "2 4 ¢1 2, Where ¢1 2
are constants and n; = ny = 0.46. The power-law behav-
iors of A(H) indicates the time-field scaling of LF-uSR spec-
tra [48l|49]]. Therefore we have plotted the relaxation function
against the scaling variable (t/H* with o = 0.46), as shown
in Fig. [5] The observation of the time-field scaling can be
interpreted as a signature of power-law low-energy spin dy-
namics, q(t) = (S;(t) - S;(0)) ~ t*Lexp(—At) [48,49].

We argue that the power-law low-energy spin dynamics
is related to disorder-induced low-energy DOS in the Kitaev
QSL. For the pure Kitaev model, the spin operator is writ-
ten in terms of Majorana fermions S = Lb%c; where b¢
is related to the flux and c; represents the low-energy Ma-
jorana excitations. The spin-spin autocorrelation function is
q(t) = (Si(t) - Si(0)) ~ {c;(t)e;(0)) exp(—At) where we as-
sume the time evolution is dominated by the low-energy exci-
tations ¢; and the time revolution of b? gives rise to exp(—At).
Thus ¢(t) is the related to the Green function of the low-
energy Majorana excitation c;, and can be taken as the Fourier
transformation of the DOS

q(t) ~ exp(—/\t)/N(E) exp(—FEt)dE
=1*"exp(—A\t) /(Et)_o‘ exp(—FEt)d(FEt)
~ 1 Texp(—\t). )

Therefore, the time-field scaling of LF-uSR A(t) ~ t/B®
(a = 0.46) in Fig. [5implies the low-energy DOS in the form
N(E) ~ E~* with the theoretical value of « = 0.5, con-
sistent with the heat capacity low-temperature upturn C'/T" ~
T~ (o = 0.57) at low temperatures in Fig. d).
Conclusions.— H3LilrosOg has various disorder forms of
stacking faults, randomness of H™ positions and non-
magnetic impurities Ir>* with lower oxidation state due to ex-
cess hydrogen. The disorders could suppress long-range mag-
netic order and also induce low-energy density of states in the
Kitaev quantum spin liquid materials. Our thermodynamic
and SR measurements reveal no sign of static magnetic or-
dering, establishing a quantum spin-liquid ground state in
H;LilrsOg. Furthermore, the low-temperature power-law spe-
cific heat coefficient C'/T ~ T°-57 and time-field scaling of
longitudinal-field zSR A(t) ~ t/B%46 indicate the finite den-
sity of state in the form N(E) ~ E~%5, in a good agreement
with the disorder-induced states in the Kitaev spin liquid.
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